The aim of the investigation was to study microRNA expression and its influence on signaling pathways activity in radioresistant and radiosensitive cell lines exposed to radiation.
Radioresistance of malignant tumors is a serious problem for radiotherapy and the main barrier to achieving the maximum efficacy of radiation therapy in cancer treatment.
Radioresistance of cancer cells is a property based on a number of genetic mutations and normal gene expression impairment, which, in turn, alters cancer cell sensitivity to radiotherapy. Gene expression impairment leads to abnormalities in cell metabolism and changes in regulation of cell processes, particularly, those associated with programmed cell death. The phenomenon of radioresistance is formed at the supramolecular level and associated with the capability of cancer cells to abort launching the mechanisms of programmed cell death induced by radiation exposure [1, 2] . The mechanisms of programmed cell death, apoptosis and autophagy, are launched in normal cells when cell damage repair, especially, DNA damage, is impossible. Programmed cell death induced in stress exposure is not only associated with the extent of DNA damage, but involves a great number of other signaling mechanisms and depends on their interaction [3, 4] . The functioning of signaling and metabolic mechanisms is associated with gene expression regulation at the transcriptional and post-transcriptional levels.
Regulation of messenger RNA (mRNA) degradation by means of microRNA is the main mechanism of gene expression regulation at the post-transcriptional level. MicroRNA is a small (20-25 pairs of nucleotides) non-coding RNA affecting transcriptional and post-transcriptional gene regulation by silencing the expression [5, 6] . More than a thousand of microRNAs have been found in human genome, each of them being capable of regulating hundreds of mRNAs, therefore, they play a critical role in many cellular processes, including radiosensitivity and radioresistance of cells. MicroRNA was found to regulate expression of nearly 60% of all protein-coding genes [7] .
Recent investigations show that microRNAs play an important role in cancer pathogenesis [8, 9] . Their expression changes under the influence of ionizing radiation, which suggests their participation in cellular response to ionizing radiation [10] . The conducted studies [11] [12] [13] [14] have demonstrated the relation between certain microRNAs and cancer cell radioresistance, which has provided the possibility to reveal several dozens of microRNA differentially expressed in radioresistant and radiosensitive cell lines. However, microRNAs typical of all radioresistant cell lines have not been found. This is explained by the fact that gene expression regulation by means of microRNA is a complex process, in which a single microRNA can regulate expression of many genes, and expression of a single gene can be regulated by many different microRNAs. In this case, a more promising approach to estimating the role of microRNA is exploring its influence on signaling pathways.
The aim of the investigation was to study microRNA expression in radioresistant and radiosensitive cell lines after radiation exposure and to analyze its impact on signaling pathways activity.
Materials and Methods. The experiment was carried out on HL-60 cell line (human promyelocytic leukemia), K562 (radioresistant suspension line of human chronic myeloid leukemia), Raji (human lymphoblastoid cell line).
Cells were cultured at 37°С under 5% СО 2 atmosphere of 98% humidity using RPMI-1640 medium containing L-glutamine with 10% fetal bovine serum and 50 µg/ml gentamicin.
The cell lines were exposed to gamma radiation generated by linear accelerator Elekta Synergy (Elekta, Sweden) at a room temperature at a dose of 4 Gy (photon energy 10 MeV) in the logarithmic phase of growth. Exposure time amounted to 55 s at 21-22°С. Irradiated field was 16×20 mm. The cells were placed in 5·10 5 /ml of medium in 6-well plates of 2.5 ml well volume.
Control groups were not subjected to any exposure. Cell survival was estimated by cell staining with a mixture of fluorescent dyes acridine orange and propidium iodide. The stained cells were analyzed using fluorescence microscope. The cells with the signs of necrosis were stained with orange, live cells -with green [15] .
Total RNA enriched with microRNA was isolated from the cells 1, 4 and 24 h after the exposure using Absolutely RNA miRNA Kit (Agilent Technologies, USA). The quality of isolated RNA was assessed by the ratio of 18S/28S RNA using capillary electrophoresis device Agilent Bioanalyzer 2100 (Agilent Technologies, USA). Samples with integrity number RIN>8.0 were selected for further work. NEBNext Small RNA Library Prep Set (NEB, UK) was used to prepare the library of complementary DNA (microRNA cDNA) and to perform adapter ligation and bar coding. MicroRNA cDNA library cleaning was performed by means of electrophoresis with 6% polyacrylamide gel. cDNA fragments between 145 and 160 bp corresponding to microRNA were excised from the gel, eluted and precipitated by 80% ethanol. cDNA pellet was air-dried and re-suspended in 10 µL of water processed with diethyl pyrocarbonate. The quantity of cDNA in each final microRNA library was measured using Qubit fluorometer (Invitrogen, USA). Equimolar amounts (2 nM) of each library were pooled and sequenced by means of Illumina MiSeq system (Illumina, USA) using a 150 bp kit for single-end read.
FASTQ files for each cell line were produced as a result of sequencing. Their bioinformatics analysis was performed on GenXPro omiRas platform (Germany) [16] , the obtained data were arranged in tables containing the quantity of microRNA denominations and microRNA number of readings normalized by 10 5 reads.
Search for genes whose expression is regulated by microRNA was carried out using GenXPro omiRas platform (Germany) [16] . MicroRNAs with normalized expression were selected for further study (>100 pieces per sample). As a result, there was compiled a list of genes whose expression is regulated by microRNA for each cell line and experimental point.
Search for signaling pathways involving these genes was carried out using PANTHER database (USA) (http://www.pantherdb.org/). Since each microRNA is equally likely to take part in each signaling pathway, the normalized quantity of transcripts from each microRNA was divided by the number of signaling pathways. The obtained values of normalized microRNA expression for each signaling pathway were then summed up to obtain the sum of normalized expressions (SNE) of all microRNAs participating in post-transcriptional expression regulation of genes involved in that signaling pathway. Test and control sums of normalized expressions were compared and presented as log2 FC (a binary logarithm of the ratio of test and control SNE). Graphs were plotted relying on the obtained data. Those signaling pathways whose log2 FC SNE values were more than 0.5 or less than -0.5 at least in one experiment (log2 FC>0.5 and log2 FC<-0.5) were selected for plotting.
Results. Figure 1 shows the number of cells with the signs of necrosis in control and after exposure to 4 Gy ionizing radiation in the three cell lines: K562, HL-60, Raji. In K562 cell line, the number of cells with the signs of necrosis in control equals 7.23%, it amounts to 13.56% after a single exposure to 4 Gy radiation. In radiosensitive HL-60 cell line, the number of cells with the signs of necrosis increases several times after a single 4 Gy radiation exposure, as compared to control, and amounts to 20.5% instead of 5.23%. In Raji cell line, the proportion of cells with the signs of necrosis after radiation exposure equals 31.56%.
As a result of microRNA sequencing and subsequent analysis, differentially expressed microRNAs were revealed in each cell line 1, 4 and 24 h after irradiation with 4 Gy of X-ray. Venn diagram ( Figure 2 ) demonstrates the intersection of microRNA quantities of all cell lines. One hour after radiation exposure there were found 4 differentially expressed microRNAs characteristic of all three cell lines under study -hsa-miR-5701, hsa-miR-590-3p, hsa-miR-5010-3p, hsa-miR-3607-5p (Figure 2 (a) ). After 4 h, only hsa-miR-590-3p, hsa-miR-5010-3p, hsa-miR-3607-5p appeared to be present at the intersection of quantities and after 24 h there was only one microRNA: hsa-miR-590-3p (Figure 2 (b), (c) ).
Post-transcriptional regulation of gene expression by microRNA has a number of specific features, one of them being the capability to regulate expression of many genes by a single microRNA and expression of a single gene by multiple microRNAs. Therefore, investigating only differential microRNA expression is not sufficient for understanding the differences between radioresistant and radiosensitive cell lines. To gain a deeper insight into the reasons for cancer cell radioresistance and the role of microRNA in this process, we have performed bioinformatics analysis of interaction between microRNA and intracellular signaling and metabolic pathways (Figure 3 ). The graphs depict microRNA exerting "pressure" on the activity of certain signaling pathways. The value pressure is presented as log2 FC SNE. Negative log2 FC SNE values indicate that microRNA pressure on the signaling pathway increases, positive values imply pressure decrease. Figure 3 demonstrates that K562 cell line is characterized by unstable dynamics of microRNA influence on signaling pathways activity. This instability shows itself in variation of log2 FC SNE values from negative to positive ones (Figure 3 (b) ). In K562 
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Signaling pathway code: Adrenaline and noradrenaline biosynthesis (1); Angiotensin II-stimulated signaling through G proteins and beta-arrestin (2); Axon guidance mediated by netrin (3); Axon guidance mediated by semaphorins (4); Axon guidance mediated by Slit/Robo (5); B cell activation (6); Blood coagulation (7); Cadherin signaling pathway (8); de novo purine biosynthesis (9); de novo pyrimidine ribonucleotides (10); Endogenous cannabinoid signaling (11); Endothelin signaling pathway (12); Enkephalin release (13); GABA-B receptor II signaling (14); General transcription by RNA polymerase I (15); General transcription regulation (16); Hedgehog signaling pathway (17); Heterotrimeric G-protein signaling pathway-Gi alpha and Gs alpha mediated pathway (18); Heterotrimeric G-protein signaling pathway-rod outer segment phototransduction (19) ; Integrin signaling pathways (20) ; N-acetylglucosamine metabolism (21) ; Nicotine pharmacodynamics pathway (22); Nicotinic acetylcholine receptor signaling pathway (23); O-antigen biosynthesis (24); Pyridoxal-5-phosphate biosynthesis (25) ; Ras pathway (26) (Figure 3 (c) ), though we have found no such signaling pathways in HL-60 cell line (Figure 3 (a) ). The most significant differences between radioresistant K562 cell line and radiosensitive HL-60 and Raji cell lines are observed in dynamics of microRNA pressure on Integrin signaling pathway (Figure 3, code 20) and General transcription by RNA polymerase I (Figure 3, code 15 ). In K562 cell line, microRNA pressure on signaling pathway General transcription by RNA polymerase I gradually declines in the course of experiment to reach the value of log2 FC=0.9 24 h after radiation exposure (See Figure 3 (b) ).
In HL-60 and Raji cell lines, microRNA pressure on this signaling pathway gradually increases to reach the value of log2 FC=-0.4 … -0.5 24 h after radiation exposure. MicroRNA pressure on Integrin signaling pathway declines in K562 cell line 1 h after radiation exposure (log2 FC=0.51), it returns to control values in 4 h and declines in 24 h to reach the value of log2 FC=1.01 (See Figure 3 (b) ). In HL-60 and Raji cell lines, pressure on this signaling pathway is increased actually throughout the experiment and varies in the range of log2 FC=-0.5 (See Figure 3 (a), (c) ). Discussion. Three cancer cell lines of different radiosensitivity to gamma radiation have been selected for the experiment. The lowest radiosensitivity is demonstrated by K562 cell line (suspension line of human chronic myeloid leukemia), HL-60 cell line (human promyelocytic leukemia) shows moderate radiosensitivity and Raji (human lymphoblastoid cell line) has the highest radiosensitivity. Raji cell death rate after a single exposure to 4 Gy gamma radiation is 2 times higher than K562 cell death rate as compared to control (31.56 against 13.56%, respectively) and HL-60 cell death rate is higher than that of К562 line by 35% (See Figure 1) . Thus, the cell lines used in the study have similar background, but different radiosensitivity.
MicroRNA analysis has shown that microRNAs hsa-miR-590-3p are differentially expressed in all three cell lines (See Figure 2) , expression being considerably weaker in К562 line than in HL-60 and Raji lines (4-16 cases per 10 5 reads in К562 versus 30-69 cases per 10 5 reads in HL-60 and Raji). MicroRNA hsa-miR-590-3p inhibits mitochondrial dysfunction and oxidative stress in cells treated with 1-methyl-4-phenyl-pyridine in lines MES23.5 and SH-SY5Y [17] . The said microRNA has been proved to be closely related to many neurodegenerative disorders, particularly, it plays an important role in Parkinson disease [18] [19] [20] . Besides, JMJD1C gene has been identified as hsa-mir-590-3p target gene in the human body. Silencing the expression through hsa-miR-590-3p or JMJD1C gene knockdown increases expression of PGC-1-alpha, СРН-1 and TFAM genes which are the key genes regulating mitochondrial function [17] . JMJD1C gene also plays an important role in cellular response to DNA damage and is necessary for survival of acute myeloid leukemia cells [21, 22] .
Radiation exposure induces increase in hsa-miR-590-3p quantity in all cell lines; however, this microRNA quantity still remains 2-3 times lower in К562 cell line than in HL-60 and Raji lines. Thus, hsa-miR-590-3p dynamics and expression intensity correlate with cancer cell radiosensitivity.
SNE analysis for all microRNAs taking part in post-transcriptional expression regulation of genes involved in certain signaling pathways makes it possible to reveal the differences in microRNA effects on signaling pathways. Bioinformatics analysis established significant differences in dynamic pattern of microRNA pressure on Integrin signaling pathway (See Figure 3, code 20) and General transcription by RNA polymerase I (See Figure 3 , code 15) between radioresistant cell line К562 and radiosensitive cell lines HL-60 and Raji. Signal transduction via Integrin signaling pathway is closely linked to the development, progression and therapy of malignant tumors [23] . A number of papers have also reported the relationship between certain key components of Integrin signaling pathway and cancer cell radiosensitivity. For example, Integrin signaling pathway activation through beta-1integrin adhesion to extracellular matrix contributes to the increase in resistance to the development of radiation-induced genomic aberrations [24] . By contrast, inhibition of signal transduction through beta-1-integrin with the use of antibodies increases sensitivity of cancer cells to ionizing radiation [25] . Our study of microRNA influence on signaling pathways has demonstrated that Integrin signaling pathway inhibition declines after radiation exposure in radioresistant K562 cell line (Figure 3 (b) , code 15). In HL-60 and Raji cell lines characterized by strong radiosensitivity, Integrin signaling pathway inhibition is present (Figure 3 (a) , (c), code 15). Thus, analysis of microRNA influence on signaling pathways of radioresistant and radiosensitive cell lines has shown that inhibitory effect of microRNA on Integrin signaling pathway is reduced in radioresistant cell line.
As we have found in this study, the second signaling pathway influenced differently by microRNA in radioresistant and radiosensitive cell lines is General transcription by RNA polymerase I. RNA polymerase I in eukaryotic cells is responsible for the synthesis of ribosomal RNA (except for 5S rRNA). Regulation of ribosomal RNA synthesis is associated with protein synthesis. RNA polymerase I inhibition leads to activation of р53-dependent apoptosis [26] . Radioresistant K562 cell line with knocked out gene ТР53 was used in our experiments. Launching р53-induced apoptosis in this cell line was impossible. K562 cell line genotype allows this signaling pathway to be strongly affected by microRNA without adverse effects for the cell, compared to more radiosensitive cell lines HL-60 and Raji having ТР53 gene. In our opinion, the absence of ТР53 gene in K562 cell line enables it to redistribute energy more effectively in favor of repair processes.
AdvAnced ReseARches
Conclusion. Radioresistant and radiosensitive cell lines have differences in signaling pathways regulation by microRNA. MicroRNA hsa-miR-590-3p dynamics and expression level correlate with cancer cell radiosensitivity. Analysis of microRNA influence on signaling pathways of radioresistant and radiosensitive cell lines shows that the inhibitory effect of microRNA on Integrin signaling pathway is reduced and this effect on General transcription by RNA polymerase I is increased in radioresistant K562 cell line.
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